INTRODUCTION
The development, maintenance, or growth of any tissue is determined by the relationship between cell loss and cell replacement, whether the tissue is normal or malignant. Developmental biologists very early on noted the growth of tissues followed by the loss of those same cells as a tissue undergoes differentiation (1) .
Originally denoted as programmed cell death, the process was described as the developmentally regulated death of specific larval muscle cells in emerging adult moths and represented a mechanism whereby individual cells that are responsible for a tissue's architecture are cleared without injuring adjacent cells so as to modify tissue architecture.
Necrosis, another mechanism of cell death, is the result of exposure to exogenous agents resulting in a loss of osmotic balance. Endoplasmic reticulum and mitochondria swell as a result of the influx of cations, which also poison respiration. Ca 2+ in particular may activate Ca
2+
-dependent degradative enzymes such as phospholipases and endonucleases that disrupt cellular membranes and randomly degrade DNA. Ultimately, the osmolytic imbalance results in a cell's bursting and releasing a cache of lysosomal and degradative enzymes that attack and severely injure or kill adjacent cells. In tissues this can result in a zone of necrotic cells radiating from a necrotic center. Most important, necrosis, unlike programmed cell death, is not under biological control.
The focus of this article is on a specific form of programmed cell death referred to as apoptosis. There has been some confusion amongst the scientific disciplines as to the differences in programmed cell death and apoptosis. Programmed cell death is generally considered a deliberate process involved in organismal development, whereas apoptosis is a morphological description of a specific death process. Apoptosis can be the specific mode of death that occurs during development and as such can also be referred to as programmed cell death. However, there are other forms of programmed cell death during development that are distinct from apoptosis. Kerr et al. , (2) the word "apoptosis" was chosen to represent the natural ordered elimination of cells from a tissue in a fashion analogous to the classic Greek definition of apoptosis, which describes the loss of leaves from a tree during autumn. Apoptotic cell death is characterized by distinct morphologic changes as cells die by this mechanism. These changes include alterations of the plasma membrane due to the severing of junctions with neighboring cells, and the loss of microvilli. Blebs also appear on the cell surface. Chromatin condenses, forming aggregates along the nuclear membrane followed by a segmentation of the nucleus, which along with a convolution of the plasma membrane results in the formation of apoptotic bodies, which can contain intact organelles and normal mitochondria. These bodies are recognized by macrophages and adjacent cells and are rapidly phagocytosed.
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In some cases, the DNA is digested by a Ca 2+ /Mg 2+ -dependent endonuclease between the nucleosomes such that when separated on an agarose gel, the DNA separates in sizes that are multiples of 180-190 base pairs (3). These oligonucleosome-sized DNA fragments, referred to as a DNA ladder, are not always associated with apoptosis. This was pointed out by Collins et. al.(4) , who exposed cells to DEAE-dextran to induce necrosis by a rapid influx of Ca 2+ ions and showed the distinct cleavage pattern that had until then been exclusively associated with apoptosis. In addition, there is a step preliminary to the production of DNA laddering where DNA is digested into multiples of 300 and 50 kilobases that likely represent higher order chromatin structure. In some cases the fragmentation of DNA stops at this higher order stage, which means that the endonucleases responsible for the ordered DNA cleavage associated with apoptosis are likely to be different and that the production of oligonucleosome-sized DNA fragments is not a necessary step for cell death (5) . Blocking the production of oligonucleosome-sized DNA fragments does not necessarily mean that cells are spared their apoptotic fate either (6) . Nevertheless, in most cases DNA laddering can be used as a surrogate marker for apoptosis but it should be confirmed by the morphological endpoints that originally defined apoptosis.
Little enthusiasm was originally shown for research in apoptosis, but as the central role of apoptosis became more and more evident in normal tissue development and in the onset of certain diseases, interest grew to the point where today apoptosis research is one of the most competitive areas of biology. Research on apoptosis has caused a fundamental shift in how biologists and oncologists view the onset of cancer. At one time cancer could be explained as the dysregulation of cell growth as cells no longer remain growth arrested but entered the cell cycle to grow and divide uncontrollably. Now, in some cases, cancer can be described as the dysregulation of cell death in that cells, possibly injured or mutated, that should have died do not. This survival advantage likely allows these cells to accumulate mutations that result in a malignant phenotype. Apoptosis also occurs spontaneously in many tumors. Why apoptosis should occur in tumor cells is unknown, but there are a number of possible explanations. The apoptosis seen may simply be the tumor cell following the same programmed response of the normal cell from which it is derived, or it may be responding to stimuli produced in the tumor microenvironment. This cell loss by apoptosis may be a significant factor in the rate of tumor growth, depending on tumor type (2, 3) . Some tumors have high mitotic indices but because cell loss factors may be as high as 95% the tumor growth rate is modest. Small alterations in the rate of cell loss may, therefore, shift the balance in tumor physiology from growth to regression. Oncologists and basic scientists are pursuing this notion.
A number of genes already linked to cancer onset or progression through their association with cell cycle regulation or DNA repair, like p53 or poly-ADP ribose polymerase (PARP), respectively, have also been implicated in apoptotic regulation and thus have newly defined functional roles. Growth factors, cytokines, and a number of newly cloned genes have also been shown to have a considerable role in the instigation or repression of apoptotic signaling. The following sections will focus on some of the more prominent genes that have been identified with apoptosis and how they fit into the apoptosis signal transduction cascade.
CERAMIDE
One upstream regulator of PKC and a number of other enzymes is N-acyl-sphingosine, or ceramide. Ceramide is the metabolite of sphingomyelin hydrolysis. Hydrolysis is achieved by either a neutral or acid sphingomyelinase (SMase). Upon hydrolysis, ceramide acts as a second messenger, stimulating or repressing the activity of a number of molecules, the result being cellular differentiation, senescence, cell proliferation, or apoptosis. For a review see (7) .
The SMase activated is dependent on the biological agent to which a cell is exposed. Ionizing radiation can stimulate the acid form of Smase, and radiation-induced apoptosis is blocked in acid SMase knockout mice (8) . Neutral SMase, which is membrane bound and as its name implies is active at physiological pH as opposed to the acidic pH of its counterpart, can be activated after daunorubicin, TNF-alpha, or radiation exposure, particularly when the cells have been enucleated (9, 10) . Binding of the CD95 ligand, fas/APO1, also stimulates neutral SMase (11) .
Depending on the cell type, all of the previous conditions result in apoptosis and in some cases that apoptosis can be abrogated by agents that stimulate PKC activity (12, 13) . On the other hand, in cells that lack ceramide production after radiation, such as WEHI-231 cells, where sphingomyelinase is not activated after radiation, apoptosis is abrogated, resulting in increased radioresistance (14) . Introduction of exogenous ceramide or inhibitors of sphingosine kinase restores both the apoptotic potential and radiosensitivity of these cells.
Interestingly, neutral SMase is also upregulated in cells undergoing senescence (15) , suggesting that other downstream targets and/or other effector proteins determine which path is chosen. This is analogous to the decision that is made through the p53 pathway in that after an initial cellular insult a path is chosen that leads to either p21 or bax upregulation and thus to dramatically different cell fates. In their report, Kolesnick and Fuks (16) discuss the pleiotropic nature of ceramide second messenger signaling.
Once sphingomyelin is cleaved, the ceramide generated can act on at least two target molecules. One target is a membrane-bound serine/threonine kinase, referred to as CAP kinase (ceramide-activated protein kinase). CAP kinase activation has been linked to receptor activation events such as IL-1 and TNF receptor binding and to Raf activation, which stimulates the extracellular signal-regulated kinase (ERK) (17) . However, ceramide likely does not stimulate CAPK directly because ceramide did not phosphorylate a partially purified preparation of CAPK (18) . Some intermediary or cofactor seems to be required.
A direct target of ceramide is CAPP, or ceramideactivated protein phosphatase, which is a serine/threonine protein phosphatase (19) . Ceramide, via CAPP activation, downregulates c-myc in a manner analogous to TNF-alpha, that is, by blocking transcription elongation. Furthermore, okadaic acid, a phosphatase inhibitor, is capable of blocking c-myc down-regulation caused by ceramide exposure (20) .
Related to c-myc down-regulation by ceramide via CAPP are the inactivation of PKC-alpha (21) and possibly the translocation of PKC isoforms delta and epsilon. While the role of PKC alpha is less clear regarding apoptosis, PKC delta and epsilon translocation from the membrane to the cytosol after TNF-alpha or spingomyelinase exposure is mediated by ceramide production (22) in leukemia cells. These isoforms, unlike alpha, do not require Ca 2+ for activation but are influenced by diacyl glycerol. Because the isoforms of PKC vary with cell type, inactivation of PKC via ceramide might explain why some cells require an influx of Ca 2+ for apoptosis and others do not.
Ceramide is indirectly responsible for the cleavage and activation of a Ced-3/ICE-like cysteine protease called CPP32 (23) , (recently renamed caspase-3) a member of the caspase family of Ced-3-like proteases, which is specific for the apoptosis pathway. Caspase-3 has been shown to cleave poly(ADP-ribose) polymerase (PARP) (24) and DNAdependent protein kinase (25, 26) during apoptosis. What intermediate steps result in caspase-3 activation via ceramide are unknown. Another indirect target of ceramide is the stress-activated protein kinase (SAPK/JNK) pathway (27) , however, SAPK/JNK signaling does not always lead to apoptosis, and what role SAPK/JNK plays in apoptosis signaling is also unknown.
Finally, an alternative pathway for ceramide production and apoptosis signaling was identified. De novo synthesis of ceramide by ceramide synthase was shown to be responsible for an increase in ceramide after daunorubicin exposure in U937 cells that led to apoptosis (28) . And while fumonisin B1, a specific inhibitor of ceramide synthase, blocked daunorubicin-induced apoptosis in these same cells, another study (9) showed no inhibition of daunorubicininduced apoptosis by Fumonisin B1 and suggested that neutral sphingomyelinase was responsible for the increased ceramide production.
PROTEIN KINASE C
An extensive list of genes has been identified as belonging to the signal transduction pathway that leads to apoptosis, a much longer list than can be addressed here. A number of these genes, such as diacyl glycerol (DAG), protein kinase C (PKC), cyclic AMP-dependent protein kinase (PKA), and cyclic AMP (cAMP) are common intermediaries of signal transduction in general. All have roles in the up-or down-regulation of apoptosis. PKC and PKA, both serine/threonine-specific kinases, have opposing roles in apoptosis signaling. PKC as a phospholipiddependent kinase requires DAG and, depending on the PKC isoform, may require Ca 2+ for activation. Which isoform is activated is highly dependent on the ligand and the cell type. (For a general review of PKC and its isoforms, see (29)).
Transient downregulation of PKC has been shown to render a cell susceptible to apoptosis (30-33) after addition of Ca 2+ , upregulation of p21ras, addition of phospholipase A2, and to radiation exposure. Consistent with this, upregulation of PKC has been shown to inhibit apoptosis, as is the case with Peyer's patch B cells maintained in culture with agents that stimulate PKC activation (34) . Similarly, upregulation of cAMP which upregulates PKA results in apoptosis upon appropriate stimulation (35) . PKA is upregulated during the signaling cascade of apoptosis; however, PKC activation is likely agonistic to the action of PKA (30, 36) .
DAG and cAMP represent second messengers that, along with cofactors, activate PKA and PKC. Kinases such as PKC and PKA are intermediaries in the apoptotic pathway and not the primary genes responsible for regulating apoptosis. For example, bcl-2 expression will override the apoptotic signal generated by down-regulation of PKC by ras expression (31) as it does with a number of different apoptotic stimuli. Instead, PKC or PKA activate a number of genes via phosphorylation.
Whether a cell continues down the apoptotic pathway, undergoes differentiation, or undergoes cell cycle arrest is highly dependent upon interaction with other signaling pathways, which are likely to vary with cell type.
NF-KAPPAB
The transcription factor NF-kappaB is activated downstream of PKC (37) . In its active form NF-kappaB is a hetero-or homo-dimer belonging to a family of proteins partially homologous to the oncogene product c-Rel. The homology between the members of the Rel family is through the Rel homology domain, which is about 300 amino acids in size and constitutes the DNA-binding domain of these proteins. The 'classic' NF-kappaB is a heterodimer formed by the smaller p50 subunit, which is essentially a Rel homology domain, and the larger RelA (p65) subunit which consists of an N-terminal Rel homology domain and two C-terminal transactivation domains. NF-kappaB is found in its inactive form in the cytoplasm, where it is bound to the 43-kDa protein I-kappaB that covers the nuclear localization signal region of the RelA/p50 dimer. Activation of NF-kappaB starts with the proteolytic destruction of I-kappaB followed by the transport of the RelA/p50 complex into the nucleus, where it binds to its recognition site on the DNA and activates transcription of target genes. (For a timely review of the NFkappaB family see (38) ).
Depending on the cell system used and the signal transduction pathway studied, the activation of NF-kappaB either induces a reaction which protects cells against apoptosis or activates the cellular suicide program. Data supporting an anti-apoptotic effect and showing an involvement of NFkappaB in the apoptotic signal transduction pathway came from mice in which the RelA protein had been knocked out (39) . These mice showed embryonic lethality due to apoptotic degeneration of the liver. In two other cases, inhibition of the nuclear translocation of NF-kappaB after exposure of cells to TNF-alpha, ionizing radiation, or daunorubicin, enhanced apoptotic cell death (40, 41) and similar results have been reported for rat neuroblast-like PC12 cells (42) and for murine B-cells (43, 44) . Finally, Liu et al. (45) demonstrated that NFkappaB activation but not JNK activation via TNF-alpha receptor type 1 stimulation protects against TNF-alphainduced apoptotic cell death.
There is equally strong evidence that the activation of NF-kappaB is a required element in the chain of events leading to apoptotic cell death. In one study (46) it was shown that Sindbis-virus-induced apoptosis of a prostate carcinoma cell line is dependent on the binding of NF-kappaB to its recognition sequence on the nuclear DNA. In another study a transdominant negative mutant RelA was able to partially prevent apoptosis of human embryonic kidney cells induced by serum starvation (47) . It has also been demonstrated recently that glutamate-induced neuronal apoptosis can be prevented by blocking NF-kappaB activation with aspirin (48).
Other correlative evidence linking NF-kappaB activation to the induction of apoptosis are the observations of ischemia-induced increases in the levels of hydrogen peroxide, TNF-alpha, and IL-1-beta in fetal brain, which is followed by NF-kappaB activation and evidence of apoptotic cell death (49) . Also, some cell lines, after ionizing radiation exposure at either low dose (0.5 Gy) (50) or high dose (20 Gy) (51) activate NF-kappaB, and it is very likely that this response influences the susceptibility of the cells to apoptosis. It is difficult, however, to decide whether this activation is a futile effort to make use of the anti-apoptotic properties of NF-kappaB or the successful initiation of a chain of events finally leading to apoptotic cell death.
p53
The first indication of the involvement of p53 in apoptosis resulted from the analysis of M1 leukemic cells, which lack functional p53, after introduction of a vector with a p53 gene containing a temperature sensitive mutation (52) . At the permissive temperature, where the mutant p53 protein behaved as wild-type, cells died rapidly by apoptosis. At the non-permissive temperature the p53 did not behave as wildtype and the M1 cells did not die by apoptosis. Addition of IL-6 to the culture medium spared cells from their apoptotic fate, thus linking the loss of apoptotic potential to the generation of a pretransformed cell population that is waiting for oncogenic transformation, in a manner analogous to that identified with the blc-2 gene (see later discussion) (53-55).
The requirement for p53 in the signal transduction pathway of radiation-induced apoptosis was determined by the irradiation of excised thymocytes from transgenic mice that were either null, heterozygous, or wild-type for p53 (56) .
The extent of apoptosis was dependent on p53 status, with wild-type > heterozygous > homozygous. p53 was not, however, required for glucocorticoid-induced apoptosis. The implications for p53 regulation of apoptosis during multi-step carcinogenesis became evident when it was shown that the lack of p53 expression allowed mouse fibroblast cells to become tumorigenic via E1A (adenovirus early region 1A) transfection (57) . Oncogenic transformation was gene dosage dependent for p53 in that suppression of the transformed phenotype was through apoptosis.
Furthermore, tumor environment , in particular hypoxic regions common to solid tumors, exerts a selective pressure on cells within a tumor that eliminates cells that have wild-type p53 by causing apoptosis via the low oxygen tension or nutritional environment (58) . This encourages the growth of cells deficient in p53 that may be susceptible to oncogenic transformation, (if not already transformed) and are likely to have escaped cell cycle control because of the lack of functional p53. This same interaction between hypoxia and p53 is likely true for bcl-2 as well.
BCL-2 AND FAMILY MEMBERS
Bcl-2 is a protein of about 26 kDa that is localized in the outer mitochondrial membrane, nuclear envelope, and the endoplasmic reticulum. Bcl-2 was discovered in 1984 and is a representative member of a family of partially homologous proteins that includes bcl-2, bcl-X L , mcl-1 and BAG-1 which act as inhibitors of cell death (59-62) and bad, bax, bak, and bik, which act as promoters of apoptosis (63) (64) (65) (66) . Interestingly, the Bcl-X gene is responsible for both bcl-X L and bcl-X S via alternative splicing of the Bcl-X RNA (62) . The members of the bcl-2 protein family form homo-or heterodimers and depending upon whether the monomers belong to the group of pro-or anti-apoptotic bcl-2 family members, the final dimeric molecule has either pro-or antiapoptotic properties. How these molecules exert their influence on the decision as to whether or not a cell is to undergo apoptosis is not yet fully known. Four important clues, however, have been recently discovered:
1. The anti-apoptotic proteins bcl-2 and bcl-XL, when overexpressed, inhibit the release of cytochrome c from the mitochondria (67, 68) . Cytochrome c is a mediator of apoptosis via the activation of caspase (69). 2. In the nematode caenerabditis elegans the protein CED-9 (which is homologous to the bcl-2 family) directly interacts with CED-4 (the mammalian homologue of which has not yet been discovered), which in turn can directly interact with CED-3 (homologous to the caspases) (70, 71) . It seems likely then that bcl-2 family proteins influence caspase activity directly. This assumes, however, that there is a mammalian protein functionally equivalent to CED-3.
3. Bcl-2 is intimately involved in cellular redox status. Bcl-2 is found in areas of O 2 -free radical generation such as the mitochondria, endoplasmic reticulum, and nuclear membrane. It has been argued that bcl-2 acts in an antioxidant pathway (72) or as a pro-oxidant (73) . Regardless of the mechanism, overexpression of bcl-2 results in increased cellular concentrations of reduced glutathione (73) (74) (75) (76) . Cells are therefore likely to have better radical scavenging abilities, which may be important when they are first exposed to particular antineoplastic agents, or perhaps the reduced glutathione is important to the maintenance of important signal transduction elements some time after the initial apoptotic stimulus.
4. The bcl-2 family members also appear to be responsible for the maintenance of the mitochondrial membrane permeability transition. Disruption of this membrane potential is seen early in apoptosis and results in the uncoupling of respiration, the generation of superoxides, and a release of calcium and glutathione from the mitochondria (77, 78) .
A mammalian cell is dependent upon mitochondria for the energy requirements necessary to sustain itself, and it has been recognized that cells can die through the depletion of energy in the form of ATP. From the mitochondrial point of view that is a passive process. So there is a certain irony in the four points made above and that is that mitochondria, life sustaining as they are, are also intimately involved in the apoptotic death process, murder if you will, of its symbiotic host.
There are several observations showing that the protein expression levels of apoptosis-promoting orinhibiting members of the bcl-2 family influence radiationinduced programmed cell death. The acquired radiation resistance and loss of apoptotic potential of a murine B-cell lymphoma cell line, LY-ar, has been attributed to its overexpression of bcl-2 and concomitant increase in reduced cellular glutathione (75, 79) . Furthermore, transfection experiments in murine erythroleukemia cell lines showed that high levels of bcl-2 protein inhibit apoptotic cell kill normally induced by ionizing radiation (80) . For human prostate carcinoma cells which were transfected with bcl-2, a similar decrease in radiation-induced apoptosis was reported (81); remarkably it was not accompanied by a change in clonal cell survival. In the case of the apoptosis-promoting molecule bax it was shown (82) in the human breast cancer cell line MCF-7 that its overexpression led to an increase in radiosensitivity. Similar results were reported in experiments with transgenic mice, where overexpressing bax (83) in T cells resulted in an accelerated apoptotic response to gamma-irradiation.
How the signal originating from the initial radiation-induced damage to cellular structures is transmitted to the bcl-2 family proteins is not yet clearly understood. There is evidence that radiation influences these proteins on the transcriptional level, or as recent data suggest, on a posttranscriptional level as well (see below). It has been shown that the transcription factor p53, which is responsive to DNA damage, is a direct transcriptional activator of both the bcl-2 and bax genes (84, 85) and that ionizing radiation up-regulates bax protein in mouse lymphoid and small intestinal epithelial cells (86) . p53 also influences the transcription of other members of the bcl-2 family including bcl-XL (87) . Further evidence for a radiation-induced transcriptional modulation of bcl-2 family proteins is provided by the observations that after the irradiation of fetal rat brains, the levels of bcl-2 and bcl-XL mRNAs are reduced while the mRNAs of p53 and bax are increased (88). The same scenario is played out in the human lymphoid cell lines HL60 and U937 after C2-ceramide or TNF-alpha exposure, that is, the downregulation of bcl-2 (89).
Post-translational modification of the bcl-2 family of proteins by phosphorylation may play an important role in their activity. This has been demonstrated for bcl-2, where phosphorylation increases the inhibition of apoptosis (90) . Phosphorylation of the pro-apoptotic bad protein (91) seems to be a mechanism by which IL-3 promotes cell survival by stimulating the phosphorylation of bad, which sequesters bad in the cytosol where it can no longer bind to and counter the effects of mitochondrial bcl-2. One of the kinases that phosphorylates bad is Raf-1 (92), which in turn can be targeted to the mitochondrial membrane by bcl-2. Raf-1 kinase can be activated by ionizing radiation (93) , and the resulting expression and activation increases cellular survival. These phosphorylation events may be part of another pathway leading from initial cellular damage inflicted by ionizing radiation to initiation or inhibition of the apoptotic response via the activity of the respective bcl-2 family member at the mitochondrial and/or nuclear membrane level.
THERAPEUTIC APPLICATIONS
There is ample evidence from in vitro studies that susceptibility to the apoptotic mode of cell death strongly influences the efficiency of tumor and normal cell killing by radio-or chemotherapeutic drug exposure. Apoptosis could also explain the dramatic response seen in tissues considered dose limiting such as the parotid gland, which is often irradiated during treatment for head and neck cancer. Whether tumors respond in general in this manner, or whether a particular tumor would respond in this manner, was unknown. Early examinations of tumors showed clearly that some tumors would respond in a manner analogous to that seen in vitro, e.g. they responded to low doses of toxic agent and responded in a few hours (94, 95) . A very telling aspect of the study by Meyn et. al. (95) was the fact that the best prognostic indicator for apoptotic response among a group of 15 different tumor types was the background level of apoptosis seen in untreated tumor tissue. The greater the level of apoptosis seen in untreated samples, the greater the apoptosis seen upon treatment. Furthermore, increases beyond a certain dose of radiation did not result in increases in apoptosis.
These, and other studies, highlight two strategies that may offer therapeutic advantage when treating cancer. The first is to take advantage of the prognostic potential of apoptosis. Could apoptotic potential provide clinicians with a sense of the sensitivity of a tumor to therapy? Secondly, the plateau of apoptotic response may well be an advantage when considering cancer treatment regimens. In general, cells respond to apoptotic stimuli when they are presented at relatively low concentrations. When the stimulus is too large, e.g. the cell injury is too great, exposed cells die indiscriminately by necrosis. Necrosis can result in massive tissue destruction of adjacent "innocent" cells. If tumor cells could be manipulated into participating in their demise by Examples of recent efforts to analyze particular aspects of apoptosis in the prognosis of cancer and cancer therapy.
strategies that made them permissive to apoptotic signaling, which would occur at low exposure levels of the antineoplastic agent, then the likelihood of tumor destruction and normal tissue sparing is enhanced.
It is no surprise, therefore, that there is an evergrowing number of studies investigating the susceptibility of tumor cells to apoptosis and the signal transduction molecules associated with apoptosis for use as prognostic markers or as targets for therapeutic intervention. A sampling of recent studies of the prognostic value of either apoptosis per se or of the expression of members of the bcl-2 family or p53 are listed in table 1 (96) (97) (98) (99) (100) (101) (102) (103) (104) (105) 107) . It is obvious from these studies that the prognostic value of apoptosis or of two of its major signal transduction components is not clear cut and like many prognostic factors are likely to be very specific to the type of tumor.
For instance, observation of the overexpression of bcl-2 would lead one to expect a tumor to be chemo-or radiation-resistant. However, in two reports (96) and (97) bcl-2 expression was more likely to predict a better treatment response. Visually scoring apoptosis also provided seemingly contradictory evidence. The study of Wheeler et. al. (103) demonstrated that the baseline level of apoptosis in Stage 1B cervical adenocarcinoma predicted survival, that is, patients whose biopsy specimens of pretreatment samples contained greater than 2% apoptotic bodies (the median value) had better overall survival. However, Levine et al. (104) who examined carcinomas of the cervix, grades I-IV, for apoptotic figures before treatment found that apoptotic ratios below the cutoff figure of 0.71% (median score) predicted for better survival. Somewhere in the middle are the interesting results of Komaki et. al. (105) , where a high apoptotic fraction correlated with increased 5-year survival, but the correlation did not hold up for overall survival.
At the molecular level, studies of follicular and Bcell lymphoma have demonstrated that molecular diagnosis of treatment efficacy by PCR amplification of the bcl-2 molecular break point that is associated with lymphomas, particularly follicular lymphomas, is predictive of treatment response (106, 107) in that a negative amplification was indicative of a lower probability of recurrence. Yet, in a study by the Southwest Oncology Group, bcl-2 positivity identified a metastatic breast cancer phenotype that was responsive to tamoxifen and predictive of longer survival. Clearly, one molecule like bcl-2 is not going to be the only determinant for either the level of tumor cell apoptosis or the extent of treatment response for every cancer.
In parallel with the growing interest in apoptosis as a prognostic parameter, there are a number of clinical studies where cellular susceptibility to apoptosis is modulated by inducing the overexpression of p53 via the introduction of vectors that express wildtype p53 directly into the tumor or by downregulating tumor bcl-2 protein expression by antisense technology. A review of recent proposals to the Recombinant DNA Advisory Committee (RAC) (www.nih.gov/od/orda/) reflects this. However, there is only one published study known to us. In this preliminary report in table 2, on the use of antisense technology against the bcl-2 protein, disease-related symptoms improved and a measurable tumor response was associated with the downregulation of bcl-2 protein in patients with nonHodgkin's lymphoma (108). Recent attempt to use genetic technology to manipulate apoptosis as an approach to enhance cancer therapy.
Bringing to the bedside such laboratory technology as small pharmacological molecules that inhibit or stimulate the activity of particular apoptosis or gene therapy, is a formidable task. There are numerous questions to be answered. What mechanisms of delivery, such as direct injection into the tumor or systemic delivery are best? What is the target specificity? Should or can sense, antisense, ribozyme or single chain antibodies technologies be used? These are all issues before the RAC. Whether such strategies are effective when therapeutic resistance is due to multiple drug resistance genes is unresolved. Like strategies aimed at the cell cycle machinery, apoptosis-directed strategies may have to be specific to the type of cancer being treated. In any case it is likely not the magic bullet but rather one more bullet in the armamentarium of therapeutic strategies designed to cure cancer.
